irreversible mental retardation occurring during the critical period from the foetal stage until the third month after birth.
Due to salt iodisation programmes worldwide the extreme manifestations of iodine deficiency are becoming increasingly uncommon. However, of major public health concern is the continued iodine deficiency in many countries leading to subtle degrees of mental impairment, poor school performance, reduced intellectual ability and impaired work capacity. Two meta-analyses reported a reduction of 12.5 to 13.5 IQ points in iodine-deficient children. 6, 7 In South Africa, lower language exam marks were reported in goitrous children compared to non-goitrous children before the introduction of mandatory salt iodisation.
Cognitive impairment appears to be at least partially reversible as shown in a recent clinical trial in 10 to 12 year old moderately iodine-deficient Albanian children who received 400 mg of iodine as oral iodised oil or placebo. Iodine treatment significantly improved information processing, fine motor skills, and visual problem solving compared to placebo in these children. 9 Earlier cross-sectional studies reported equivocal findings on the relationship between iodine and growth, and some reported modest positive correlations. However, a recent study reported that access to iodised salt was related to increased birth weight and weight-forage of infants in five Asian countries. 10 In school-age iodine-deficient children, supplementation of iodine in controlled trials increased insulin-like growth factor (IGF)-1 and insulin-like growth factor binding protein (IGFBP)-3 and improved somatic growth.
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Assessment of iodine status
Because the whole field of iodine nutrition is intimately linked to the supply of adequately iodised salt to the consumer, assessing the iodine status of a population should include both process and impact indicators. 2 Factors influencing the process of supplying iodised salt to the consumer, which starts at the iodisation site and continues to the consumption stage, are assessed in terms of the process indicators. Examples include the assessment of the iodine content of salt at the point of production, retail and household levels, estimating the coverage of the percentage households using iodised (>0 ppm iodine) or adequately iodised (>15 ppm iodine) salt, determining the iodine content of processed foods, and assessing the level of knowledge regarding iodine nutrition amongst the adult population.
Impact indicators, also called outcome indicators, assess the effect of iodine consumption, usually measured in women and children. Urinary iodine is the most useful impact indicator because the rapid turnover of iodine in the body reflects recent changes in iodine intake. Because of considerable day-to-day variation in urinary iodine in individuals, the assessment of iodine status is done on groups of at least 40 to 50 individuals. The diagnosis is therefore a group diagnosis, not an individual one, based on the median urinary iodine concentration of the group. The cut-off levels and interpretation of iodine status are provided in Table II . 2 The thyroid size of children aged 6 to 12 years has been used as biological marker of iodine deficiency for many years, but its usefulness is limited because the thyroid size regresses slowly after increasing the iodine intake in salt iodisation programmes, 12, 13 and results need to be interpreted cautiously. Thyroid size determined by palpation is graded as Grade 0 when the thyroid is not palpable, Grade 1 when it is palpable but not visible and the size of the lobe is bigger than the size of the end digit of the thumb of the Overall, iodine deficiency produces subtle but widespread adverse effects in a population, including decreased educability, apathy, and reduced work productivity, resulting in impaired social and economic development. Large interobserver variation usually occurs when the thyroid size is determined by palpation. Ultrasonography is a more precise investigation when compared with palpation and is safe for measuring thyroid volume. It is particularly useful when the prevalence of visible goitres is small and in monitoring iodine control programmes where thyroid volume is expected to decrease over time. New international cut-off levels specific for age, gender and body surface area of 6 to12 year old children are available for interpreting ultrasound data.
14 Serum thyroid stimulating hormone (TSH) is a sensitive indicator in newborns because the newborn thyroid contains less iodine but has higher rates of turnover than adults. For this indicator to be useful, a universal screening system for newborn TSH is essential. TSH screening is only performed in the metropolitan areas of South Africa and is therefore not useful as an IDD indicator of the population. Another biochemical indicator, thyroglobulin, can be used in a complementary way to urinary iodine excretion in children and adults. A new thyroglobulin analytical method on dried blood spots from finger prick samples on filter paper makes this indicator useful under field conditions even in remote areas. 15 
Progress in the elimination of IDDs
The international picture Since 1917, when Marine and Kimball first treated goitrous school girls with iodine tablets, 16 and 1922, when Switzerland started the first salt iodisation programme, 17 progress was slow in identifying and eliminating iodine deficiency until about 1990. At that time, Switzerland, some of the the Scandinavian countries, USA, Canada, Australia and Japan were the only iodine-sufficient countries. The ICCIDD was formed in 195. Its long-term goal is to eliminate iodine deficiency globally. Deficiency elimination efforts by UNICEF, the WHO and ICCIDD gained enormous momentum through resolutions accepted at high-level meetings of the United Nations agencies in the early nineties, resolving to virtually eliminate iodine deficiency by the year 2000.
Universal salt iodisation (USI) was adopted as the main long-term public health strategy to eliminate iodine deficiency. 2 USI was defined as the strategy in which all salt for human and animal consumption is iodised according to the recommended levels. This strategy resulted in tremendous progress in improving accessibility to iodised salt. Although the goal of virtually eliminating IDDs by the year 2000 was not achieved, the WHO showed in 1999 that 3.3 billion people, about two-thirds of the total population of the 130 countries that had IDDs in 1990, had access to iodised salt at that time. 1 Progress had been the greatest in Africa, where control programmes existed in only a handful of countries prior to 1990. By contrast, progress has been slowest in the European Region, where only 27% of the population in at-risk areas consumed iodised salt and mild iodine deficiency persisted in several countries in Western Europe. Further east, in some Central Asian countries and in the Russian Federation, control programmes had collapsed and less than 5% of households were using iodised salt.
During the decade 1993 to 2003, the number of countries in which iodine deficiency was a public health problem decreased from 110 to 54 countries, 19 and further decreased to 47 countries in 2007. 20 Amongst the countries experiencing iodine deficiency were industrialised countries such as France 21 as well as countries, such as Australia, which were experiencing a re-emerging of iodine deficiency due to inadequate salt iodisation programmes. 22 The prevalence of low iodine intake correlated with the household coverage of iodised salt. The Americas had the highest percentage of households consuming iodised salt (90%) in contrast to the European Region, which had the lowest percentage of households consuming iodised salt (27%). Overall, one-third of the world's school-age children, and two billion of the general world population, are still exposed to an insufficient iodine intake.
Along with the shift towards iodine sufficiency in many countries, 29 countries had more than adequate or even excessive iodine intake in 2003. 19 This number of countries further increased to 34 countries in 2007. 20 It is thus clear that the improved salt iodisation programmes were accompanied by overcorrection of iodine levels in at least 34 countries, exposing susceptible groups to the possible risk of iodine-induced hyperthyroidism (IIH). Despite the tolerance of the thyroid gland for iodine intakes of 1000 µg of iodine per day or even more, 3 , 23 a small number of people older than 40 years of age, living in iodine-deficient areas, with existing nodular goitre and who had been exposed to a sudden increase in iodine intake, are susceptible to developing IIH in the next five to ten years. After this time, the occurrence of IIH is expected to drop to below baseline level. 24 Excessive iodine intakes usually result from over-iodised salt or processed food accompanied by poor monitoring practices.
IDD in Africa
According to the WHO 25 and UNICEF databases, 26 the iodine nutritional status and coverage of households consuming iodised salt vary considerably from country to country in Africa. At the one extreme some countries like Ethiopia, Gambia, Ghana, Mauritania, Sudan and Mozambique are still iodine deficient, while at the other end of the spectrum countries like the Democratic Republic of the Congo, Rwanda, Uganda and Zimbabwe are experiencing iodine over-nutrition. Both the iodine deficiencies and excesses seen in Africa are due to country salt iodisation programmes either providing insufficient or excessive amounts of iodine.
Failing salt iodisation programmes are mostly related to weak or absent legislation, 27 insufficient monitoring, famine, conflict or political instability. 2 Iodine excesses in some African countries are mostly related to legislation requiring high iodine concentrations of up to 100 ppm of iodine in salt to compensate for potential iodine losses from salt under hot and humid transport and storage conditions, over-iodisation at the production site and poor monitoring of iodine in salt. The WHO, UNICEF and ICCIDD recommend that salt should be fortified at a concentration of 20 to 40 ppm at the production site. 2 Examples of over-supply are the excessive increments of iodine in salt supplied to previously iodine-deficient areas in Zimbabwe and the Demographic Republic of the Congo, which resulted in an increased risk of IIH. 29 South Africa is one of the African countries with an optimal iodine nutritional status, as shown in a 199 national survey. 30 A number of African countries such as Nigeria have also succeeded in achieving optimal iodine nutrition. 31 After an external evaluation of their salt 200;21(1) S Afr J Clin Nutr iodisation programme, Nigeria was recently recognised as the first African country that has successfully eliminated iodine deficiency. Whereas national surveys conducted before 199 used total goitre rate as the main indicator of IDD, the emphasis has since shifted towards using the median urinary iodine concentration as the main indicator. 2, 19 Iodine nutrition in South Africa Compared to the early studies, 32 optional iodisation of salt improved the goitre rates in children in four Langkloof communities, but did not solve the problem of endemic goitre or of iodine deficiency. 33 Goitre rates varied from 14% to 30% and the median urinary iodine concentrations indicated mild to severe iodine deficiency prevailing in these four communities in 1995, before the introduction of mandatory iodisation. Generally, the reasons for optional iodisation failing to eliminate iodine deficiency were a) only about a third of table salt produced in South Africa was iodised; b) unequal distribution of iodised salt favoured urban areas; c) price-sensitive rural and low income consumers used cheaper non-iodised salt brands; and d) there was a low awareness of the benefits of iodised salt. 34 Endemic goitre and iodine deficiency thus remained a public health problem in South Africa in the 1990s. 
Impact of mandatory iodisation of salt
Against the background of persistent iodine deficiency in the country, the existence of iodine deficiency in all South Africa's neighbouring countries at that time, 36 the international goal to virtually eliminate iodine deficiency by the year 2000, and the support and encouragement from UNICEF, mandatory iodisation of table salt at a higher concentration than in the past was introduced in December 1995 in South Africa. The revised legislation stipulated that 40-60 ppm of iodine in the form of potassium iodate must be added to all table salt. This regulation does not apply to salt being used in the production of processed foods or to agricultural salt. As a compromise to accommodate technical difficulties experienced in the salt iodisation industry to achieve the required iodine level, the regulation was revised in 2006 to widen the required iodisation range to 35-65 ppm.
Remarkable progress in the elimination of iodine deficiency was seen in South Africa since the introduction of mandatory iodisation at an elevated iodine concentration. The mean iodine content of table salt at the retailer level increased significantly from 14 to 33 ppm in one year, but was accompanied by wide variation in iodine concentrations. 37 As a consequence a dramatic shift occurred, also within one year, in the distribution of urinary iodine values from deficient to sufficient concentrations in four communities in the Langkloof area. 12 The goitre rates in these children, measured by palpation, remained unchanged after a year, confirming the slow regression of the thyroid size after increasing the iodine intake observed in the Ivory Coast. 3 This data also indicated that goitres measured by palpation may not be appropriate in the short-term evaluation of changes in salt iodisation programmes.
Median urinary iodine concentrations in a national IDD survey (n = 524) conducted in 199 on primary school children showed that optimal iodine nutrition (median urinary iodine 100-199 µg/L) existed at the national as well as at the provincial level in seven of the nine provinces, with the other two provinces displaying more than adequate iodine intake. 30 Based on urinary iodine concentrations, 16% of 179 schools included in the study had indications of persisting iodine deficiency. High goitre rates assessed by palpation, ranging from 20% to 6%, were observed in a sub-sample of 49 schools. However, there is doubt about the accuracy of thyroid measurement in this survey, as normal thyroid sizes were found in a follow-up study using ultrasonography in one of these schools. 39 The survey nevertheless showed that aggregated national and provincial urinary iodine data may mask pockets of persisting iodine deficiency, as was later confirmed in rural schools in the Limpopo province. 40 In the 199 national survey a median urinary iodine intake of 242 µg/L was found in children of the Northern Cape province. This value, indicating more than adequate iodine intake in this province, most likely resulted from a combination of the salt iodisation programme and abundant iodine in the environment as reflected by high iodine concentrations in the drinking water of some Northern Cape towns. 41 In addition, high goitre rates were observed in towns with excessive amounts of fluorine in the drinking water.
Process indicators
Since the introduction of mandatory salt iodisation in South Africa, several process indicators have been investigated, mostly on a national scale. These indicators are dealt with in more detail and more or less chronologically below.
Iodine in household salt
In the same year as the 199 national IDD survey, another national survey on a nationally and provincially representative sample of 2 043 households was carried out to investigate the iodine content of household salt by means of the titration method. 42 This was probably the first national survey using the quantitative titration method instead of the rapid test-kit method to estimate the iodine content of household salt. The data showed that 95.4% of households in South Africa used salt regularly and 2.9% occasionally, providing confirmation that salt is an effective fortification vehicle penetrating virtually all households in the country.
Coverage data from this study showed that 6.4% of households used salt containing any amount of iodine and 62.4% used adequately iodised salt containing 15 ppm or more iodine, with considerable variation amongst the provinces. The Eastern Cape province with a coverage of 77% of households came closest to the international goal of 90% of households using adequately iodised salt, 2 while less than half of households in the three northern provinces (Limpopo, Mpumalanga and North West) used adequately iodised salt. One of the reasons for this weakness in the salt iodisation programme was the substantial percentage of households in the three northern provinces 200;21(1) S Afr J Clin Nutr using non-iodised repackaged agricultural salt or non-iodised salt obtained directly from the producers. Another likely reason was under-iodisation of salt occurring at the production sites.
In an African context, the South African coverage rates had room for improvement. In countries such as Sudan, Mauritania, GuineaBissau and Gambia, coverage is less than 10%, whereas in Burundi, Kenya, Nigeria, Tunisia, Uganda and Zimbabwe it is more than 90%. 26 The complication in South Africa was that rural people at the lower end of the socioeconomic spectrum were more likely to suffer the consequences of using under-iodised salt because more of them used agricultural salt, and more of them used coarse salt that contained less iodine than fine salt, than did people in the higher socioeconomic categories. 42 
Iodine in retailer salt:
Although not appropriate for law enforcement, monitoring the iodine concentration in retailer salt provides a quick and easy sign of the accuracy of the iodisation process at the production level. A follow-up study of the iodine in retailer salt in 4 sentinel towns situated in three of the nine provinces of the country shortly before the introduction of mandatory iodisation at an elevated iodine concentration, and again after one, three and five years, found a relapse in the long term after an initial increase in iodine concentration. 37, 43 In this study the mean iodine concentration increased from 14 ppm to 33 ppm after one year and then to 42 ppm after three years, but returned to the lower levels of 33 ppm after five years. This was a clear public health warning to assess the accuracy of salt iodisation at all the production sites in South Africa.
Iodine in salt at the production sites
In view of the substantial under-iodisation as well as the considerable variation in iodine concentration observed in retail and household salt, 37, 42, 43 the iodine content of salt and the knowledge regarding iodine nutrition of managers were assessed at all the iodised-salt production sites in the country in 2001. Of the 204 salt samples collected at 12 producers and analysed by means of the titration method, 34.% contained less than 20 ppm of iodine and 57.9% less than the legally required amount of 40-60 ppm. Additionally, shortcomings existed in the managers' knowledge of health aspects of salt iodisation and at least a third of the producers, mostly small and medium-sized producers, had no means of internal monitoring. 44 In response to the need for support on iodine matters, the South African IDD Network, established in 2002 as a coalition of active role-players in the salt iodisation programme, 45 initiated an iodine educational programme for salt producers. This programme consisted of personal visits and feedback on their results to the salt producers, regular mailings of literature on iodine nutrition and a workshop to strengthen their commitment to salt iodisation. Re-assessment of the producers' salt in 2005 showed a marked shift in the distribution of iodine values towards higher concentrations, with markedly less under-iodisation accompanied by an increase in over-iodisation (Figure 1) . 46 The under-iodisation originated largely from producers not using titration or an equivalent quantitative method for internal quality control, and the over-iodisation resulted from overcorrection of the iodine concentration during the iodisation process and, again, insufficient monitoring.
To assist the salt industry in overcoming these problems of overand under-iodisation, the South African IDD Network assisted salt producers without facilities to set up titration laboratories at their salt plants, and reviewed the analytical methodology of the other producers to standardise and optimise the laboratory methods in 2006 and 2007. Since all salt producers are currently equipped and trained to determine the iodine concentration of salt quantitatively, and external monitoring of the accuracy of salt iodine analyses was done at the end of 2007, it is believed that the accuracy of salt iodisation will improve in the whole industry.
Iodine in processed foods
Table salt is not the only vehicle for iodine. Elsewhere in the world iodine is also added to salt for the bread-baking industry, animal food, processed meat, fish sauce, drinking or irrigation water. Iodine in milk in the USA and Europe is derived from iodophors, i.e. iodine-containing detergents used in the dairy industry. 47, 4 It is not mandatory to use iodised salt for the production of processed food in South Africa, and most producers use non-iodised salt in their products to prevent unwanted effects of iodine on the properties of their product, for health reasons and financial considerations. 49 Despite these fears, substantial amounts of iodine, namely 39-69 ppm, were found in the salt of one-third (4 out of 12) of manufactures of bread, margarine and flavourants of salty snacks in South Africa. Processed foods may therefore provide variable but significant amounts of iodine to the food chain in South Africa.
Sources of household salt
As in many other countries, marketing of non-iodised salt through unconventional distribution channels is one of the factors weakening the national salt iodisation programme in South Africa. In a national survey it emerged that 7% of households obtain their table salt from typical food stores distributing iodised salt. 50 However, in the nine provinces between % and 37% of households used unconventional sources to obtain their (mainly non-iodised) household salt. These alternative sources include distributors of agricultural salt, small general dealer shops (called spaza shops) in peri-urban and rural townships, street vendors and salt sachets placed in the packaging of maize meal bags. Countrywide around 30% of low socioeconomic households obtain their salt from unconventional sources compared to less than 5% in high socioeconomic households, emphasising the vulnerability of low socioeconomic groups to the use of non-iodised salt and the threat of unconventional distribution channels to the salt iodisation programme. 
Knowledge of iodine nutrition
Knowledge of iodine nutrition is a process indicator often neglected in salt iodisation programmes because of the usual emphasis placed on iodine in salt and its impact on iodine and goitre status. From the limited information available on this topic, it appears that the knowledge level of iodine nutrition varies from very low in a country such as India 51 to levels where people are well informed, such as in Iran. 52 In Iran, literate women were more likely to use iodised salt in the household than illiterate women.
In South Africa, in a national study assessing the knowledge of iodine nutrition of 2 164 adults, representing the full range of socioeconomic strata, only 15% of respondents correctly identified iodised salt as the primary dietary source of iodine, 16% knew the thyroid gland needs iodine for its functioning, and a mere 4% considered brain damage as the most important health consequence of iodine deficiency. 53 Knowledge was even poorer in low socioeconomic households where respondents were considerably less well-informed about aspects of iodine nutrition compared to high socioeconomic households. The low level of knowledge about iodine nutrition amongst South African adults suggests that the international message about brain damage resulting from iodine deficiency has not been conveyed successfully at the consumer level in the country. Neither is it likely that consumers will choose or demand iodised salt for the benefit of children and women.
Moreover, a number of factors such as the under-iodisation of salt by producers, the domestic use of non-iodised agricultural salt, consumers obtaining non-iodised cheap salt directly from producers, informal repackaging for household use of non-iodised salt, and a variety of other malpractices, may weaken mandatory salt iodisation programmes in any country. A thorough knowledge of iodine nutrition and of IDDs, from the programme manager to the consumer, is likely to counteract these limiting factors to a large extent. These are also the factors responsible for not achieving the goal of 90% of households using adequately iodised salt. Improving the knowledge levels of all involved in the supply of iodised salt to the consumer may bring us closer to the goal, and may sustain a successful programme.
Intervention improved the knowledge level of South African salt producers, 46 but a complicating factor was the turnover in managers seen in the salt industry. Over time a turnover in all role-players is inevitable, making continuous iodine education indispensable. One of the biggest stumbling blocks in the implementation of a successful national salt iodisation programme is the inadequate education and lack of iodine knowledge of those involved. Dunn refers to inadequate education as one of the seven deadly sins in confronting endemic iodine deficiency. 54 For an iodisation programme to be successful and sustainable, he emphasises that it is essential for all role-players involved to have a thorough knowledge of the importance of iodine deficiency, its consequences, and the means for its sustainable correction.
Challenges for the salt iodisation programme in South Africa
South Africa is on the verge of eliminating iodine deficiency. While national and provincial median urinary iodine values indicate iodine sufficiency, the available data point to gaps in both the process as well as the impact sides of the iodine nutritional field. About a third of the world population, 20 and just more than a third of the South African population 42 still need to be reached with adequately iodised salt, and the last portion is usually the most difficult to reach. Therefore, to achieve the international goal of eliminating iodine deficiency, the following challenges need to be addressed in South Africa while maintaining the successes of the past:
1 The household coverage of adequately iodised salt needs to be increased to 90% nationally and in all the provinces to reach those most in need of iodine. This could be achieved by assisting the salt industry to improve the accuracy of salt iodisation through improved internal quality control of the iodine content of salt at the production sites and by regular external monitoring of the iodine concentration in salt. 2 Another strategy to increase the coverage is to overcome or counteract the reasons for households using non-iodised salt. Examples are to iodise agricultural salt in areas where the practice of using non-iodised agricultural salt is common, ensure that religious groups distributing non-iodised salt convert to distributing only iodised salt, ensure that small general dealers, or spaza shops, in peri-urban and rural townships sell only iodised salt, and use iodised salt in sachets placed in maize meal bags. 3 The South African IDD Network and the health authorities should maintain close contact with the salt industry not only to monitor the iodine in salt, but particularly to strengthen the commitment of salt producers to salt iodisation through a mutual exchange of relevant information. This is of great importance in instances where changes in management occur. 4 In view of the apparent abundant iodine levels in the environment of the Northern Cape province and the more than adequate iodine status of the people, it is necessary to investigate the iodine status of the inhabitants to prevent an increased risk of iodine-induced hyperthyroidism. 5 No information is available on pregnant women in South Africa.
The iodine status and needs of this vulnerable group thus need to be established. 6 The knowledge regarding iodine nutrition of salt producers, consumers, health staff, politicians, schoolchildren and pregnant women should be improved through a multisectoral approach. 7 Regular monitoring of process and impact indicators and reporting the information is a standard recommendation for sustaining a salt iodisation programme. In South Africa, external monitoring and quality control of the salt iodine analyses of salt producers should be formalised and structured to ensure regularity of such monitoring.
In terms of two World Health Assembly Resolutions adopted in 2005 and 2007, member countries, including South Africa, are obliged to report their IDD situation every three years to the WHO. 55 The Department of Health, with the assistance of the South African IDD Network, should position itself to accurately report progress in the iodine nutritional status of the country to the WHO every three years.
South Africa is in a favourable position to have a sound scientific data base for identifying strengths and challenges of the national salt iodisation programme. The results of a recent national IDD survey are awaited in 200 and should complement the recommendations of this review. Overall, we need to sustain the successes of the past, fine-tune the programme and fill the gaps to achieve the elimination of iodine deficiency. Then we need to vigorously guard against the trap of complacency which has led to the downfall of previously successful programmes. 56 
